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Abstract: Copper oxide nanoparticles (CuO NPs) are used increasingly in 
industrial applications and consumer products and thus may pose risk to 
human and environmental health. The interaction of CuO NPs with complex 
media and the impact on cell metabolism when exposed to sublethal 
concentrations are largely unknown. In the present study, the short-term 
effects of 2 different sized manufactured CuO NPs on metabolic activity of 
Saccharomyces cerevisiae were studied. The role of released Cu2+ during 
dissolution of NPs in the growth media and the CuO nanostructure were 
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considered. Characterization showed that the 28 nm and 64 nm CuO NPs used 
in the present study have different primary diameter, similar hydrodynamic 
diameter, and significantly different concentrations of dissolved Cu2+ ions in 
the growth media released from the same initial NP mass. Exposures to CuO 
NPs or the released Cu2+ fraction, at doses that do not have impact on cell 
viability, showed significant inhibition on S. cerevisiae cellular metabolic 
activity. A greater CuO NP effect on the metabolic activity of S. cerevisiae 
growth under respiring conditions was observed. Under the tested conditions 
the observed metabolic inhibition from the NPs was not explained fully by the 
released Cu ions from the dissolving NPs.  
Introduction 
The novel properties of nanoparticles (NPs) characterized by 
their small size and unique physical and chemical properties have led 
to a drastic increase in their incorporation into commercially available 
products. Copper NPs have uses in gas sensors, batteries, solar cells, 
catalytic processes, wound dressing, socks, and many other products.1 
The increased use of NPs will predictably lead to accidental 
introduction into the environment via consumer use or during the 
manufacturing process. Therefore, the potential of NPs to affect human 
health and the environment is of significant concern.2 
The acute toxicity of copper oxide NPs (CuO NPs) has been 
studied in algae,3 bacteria,4 [yeast,5,6 protozoa,7 crustacean,8 and fish9 
species. The extensively used unicellular eukaryotic model organism, 
Saccharomyces cerevisiae, has similar cellular structure and functional 
organization to those of higher-level organisms6 making it ideal for use 
in toxicity studies investigating NPs. Copper cytotoxicity and impact on 
cellular functions is of intrinsic interest. Copper is biologically essential, 
and the cellular Cu homeostasis machinery is well conserved between 
yeast and human.10 The adverse consequences of defective Cu 
homeostasis (Wilson's disease and Menkes syndrome in humans) or of 
changes in external Cu concentration are well documented.11 Copper 
oxide NPs have been shown to cause toxicity, such as inhibiting S. 
cerevisiae growth after 24 h of exposure, with the median effective 
concentration (EC50) ranging from 102 mg Cu/L to 502 mg Cu/L.5,6 
However, limited information is available regarding how dissimilarities 
in NP characteristics, different exposure conditions, and differences in 
the metabolic and cell cycle stage of S. cerevisiae cultures impact the 
toxicity metrics. For example, differential Cu resistance has been 
associated with cell cycle stage and aging in yeast.12 In addition, 
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environmental factors such as ionic strength, pH, and the presence of 
organic material have an impact on how NPs entering the environment 
react in solution.13 Copper oxide NPs have been shown to both 
dissolve5,7 and aggregate9 depending on the conditions within the 
medium. Some studies have indicated that the acute toxicity observed 
is due to the release of Cu ions from the NPs.3,7 However, other 
studies indicate NP-specific effects.5,14 Kasemets et al.6 suggested the 
observed CuO NP toxicity to a wild-type strain of S. cerevisiae was due 
to a cell surface localized increase in released Cu ions causing an 
increase in uptake. The authors also suggested in a separate study 
that the released Cu2+ from the CuO NPs could explain approximately 
half of the toxicity and structure component-related oxidative stress 
was the mechanism of toxicity.5 These differing results demonstrate 
that the toxicity of NPs toward organisms is challenging to predict 
because of the difficulty of adequately linking the nano-material 
properties in a directly proportional relationship to the toxic 
mechanisms. As such, further investigation remains necessary.15  
The present study investigates the impact of organic molecules-
rich growth media on CuO NP dissolution, aggregation, and Cu 
bioavailability on cellular metabolic activity of S. cerevisiae. Cells were 
exposed to 2 NPs with identical CuO composition but different primary 
particle size, crystal lattice structure, and amount of released Cu2+ 
after incubation in the growth medium. These CuO NPs were applied 
as either fresh suspensions or aged NPs in the culture medium. To 
distinguish between the role of Cu2+ ions released from the NPs and 
the nano-specific effect, parallel exposures were carried out with the 
released Cu2+ fraction in the media from CuO NPs and the NP 
suspensions. Experiments performed in organic-rich media can 
represent the diverse and dynamic surroundings that may be 
encountered with accidental introduction of NPs into the 
environment,16 thereby stressing the importance of the role of the 
experimental media on the cell–NP interactions. 
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Materials and Methods 
Saccharomyces cerevisiae strains and cultivation 
conditions 
Saccharomyces cerevisiae W303-1A wild type (MATa: leu2-
3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) was a kind gift of 
Dr. Rosemary Stuart (Marquette University). The strain was 
maintained on YP agar plates (pH 6.6) containing 1% yeast extract 
(Amresco), 2% Bacto peptone (Difco Laboratories), and 2% of the 
respective carbon source at 30 °C overnight. To prepare starter 
cultures, single colonies from the respective master plates were 
transferred in 5 mL YP media with ethanol, galactose, or dextrose as 
the carbon source and grown overnight at 30 °C with 250 rpm shaking 
to culture the cells under respiratory, respiratory/fermentative, or 
fermentative metabolism, respectively. The YP media with dextrose or 
ethanol as a carbon source were employed to examine the influence of 
different types of metabolism (fermentation vs respiration) on S. 
cerevisiae sensitivity to Cu treatments, whereas the YP with galactose 
(fermentation/respiratory metabolism) was employed for all other 
experiments throughout the present study. Saccharomyces cerevisiae 
experimental cultures were started from the overnight cultures. The 
turbidity of the cell culture was measured via absorbance at 600 nm 
using a spectrophotometer (Molecular Devices) and diluted with sterile 
YP media with respective carbon source to an OD600 0.1. The cultures 
were grown until OD600 0.3 was reached (∼4.0 × 106 Colony Forming 
Units/mL determined by dilutions and plating on YP-galactose plates 
with colony counting after 72 h at 30 °C incubation). This concentration 
of cells was consistently used in all toxicity assays. Exposure to tested 
chemicals was performed in 96-well black with clear bottom, 
polystyrene plates (Costar) at 30 °C with continuous shaking at 
250 rpm. 
NP physicochemical characterization 
NP diameter and morphology 
Bare, uncoated CuO NPs were purchased from Meliorum 
Technologies (28 nm CuO NPs) or Sigma Aldrich (64 nm CuO NPs). 
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Transmission electron microscopy (TEM) was employed to characterize 
both CuO NPs morphology and primary particle diameter. Diluted CuO 
NPs suspensions in water or YP-galactose media were deposited onto 
Cu 200 mesh formvar coated grids and allowed to settle for 10 min 
prior to removal of the excess liquid. Transmission electron microscope 
imaging was performed on a Hitachi H9000NAR Analytical High 
Resolution TEM, 300 KeV (dpr) and the primary particle diameters 
were assessed using ImageJ image processing and analysis software. 
Briefly, the measuring tool was employed after altering the scale to 
nanometers, to assess dimensions of 100 individual NPs of both 28 nm 
and 64 nm CuO NPs in 15 or more images. Measurement of NPs 
diameter was performed only when well-defined individual NPs could 
be observed. Transmission electron microscope micrographs of gold 
NPs at established dimensions were analyzed in identical fashion with 
ImageJ to confirm validity of measurements (data not shown). 
NP dispersion 
A stock solution of CuO NPs (8000 mg/L) was prepared in sterile 
deionized water and dispersed by using a 450 W probe sonicator 
(Branson Digital Sonifer) at 20% amplitude for 5 min on ice with 
pulsing on for 20 s and off for 20 s. The stock solutions were stored in 
the dark at an ambient temperature. After 5 min dispersion, different 
volumes of the CuO NPs stock solution were aseptically added to yeast 
cultures (in YP medium containing different carbon sources) to achieve 
different exposure concentrations. 
NP hydrodynamic diameter and zeta potential 
To determine the average hydrodynamic diameters of CuO NPs 
agglomerates, NPs were diluted to 40 mg/L in sterile double distilled 
water (ddH2O) or growth medium (YP-galactose) and injected using a 
sterile syringe into the viewing chamber of NS500 platform 
(Nanosight) equipped with a 640-nm laser. All measurements were 
taken at room temperature. Average diameters and standard 
deviations were measured using the nanoparticle tracking analysis 
(NTA) 2.0 Build 127 analytical software for real-time dynamic NP 
visualization and measurement. The samples were measured for 30 s 
with manual shutter and gain adjustments, and 6 measurements of 
the same sample were performed for all of the respective time points. 
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Although Nanosight has a minimum limit of detection of 10 nm, the 
smaller CuO NPs employed in the present study have an average 
primary particle diameter, as measured by TEM, of 28 nm. However, it 
should be noted that any populations of CuO NPs or agglomerations 
smaller than 10 nm would not be detected by NTA. To exclude artifacts 
from organic components within media, analysis of YP growth media 
without adding CuO NPs was performed and run in batch processing as 
5 separate runs to avoid introducing additional artifacts from altering 
fluidic flow. The data were combined and averaged to provide 
background intensity data, which was then used to exclude organic 
matter from conflicting with the NPs/organic matter agglomeration 
measurements. This exclusion was accomplished through the use of 
the “intensity comparison” tool in the NTA 2.0 Build software, which 
allows the user to establish intensity values as a cutoff for the minimal 
intensity necessary to be incorporated in the sample analysis. To 
determine Zeta potentials of CuO NPs in YP media, NPs in solution 
were pipetted into Folded Capillary Cells (Malvern Instruments) and 
Zeta potential was measured using a Zetasizer Nano-ZS (Malvern 
Instruments). 
NP aging in the growth media 
Note that S. cerevisiae has a high Cu tolerance, up to 480 mg/L 
CuO NPs for 12 h of exposure in YP media before lethal effects are 
observed (data not shown). In the present study, sublethal NP 
concentrations in the range of 40 mg/L to 240 mg/L were employed in 
1.5 h exposure scenario to study the NPs' effect on S. cerevisiae cell 
metabolism. To explore media component-NP interactions, CuO NPs 
were dispersed into YP-galactose media as described above in NP 
dispersion to 40 mg/L, 80 mg/L, or 240 mg/L initial mass in 4 mL 
volume in 15-mL polypropylene disposable centrifuge tubes (VWR). 
The NP solutions were covered to prevent light exposure and placed at 
30 °C in a table-top shaking incubator at 250 rpm for 24 h. A 2-mL 
aliquot of the “aged” NPs were ultracentrifuged at 45 000 g for 30 min 
(Optima MAX-E Ultracentrifuge) and supernatant was then removed 
and used as released fraction. The CuO NP pellet was resuspended in 
sterile YP-galactose media and used as aged NPs in fresh media. The 
remaining 2 mL of aged NPs in released fraction was used as an 
additional treatment. Fresh suspensions of CuO NPs were prepared by 
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diluting stock solution (8000 mg/L) to 40 mg/L, 80 mg/L, and 240 mg/L 
and immediately added to cell suspensions for exposure. 
In cases of NP exposure with Cu2+ chelation, 
ethylenediaminetetraacetic acid (EDTA) in a final concentration of 
0.5 mM was added to CuO NPs or the released ionic Cu fraction in YP-
galactose medium and incubated at 30 °C for 1 h prior to adding S. 
cerevisiae cells. The S. cerevisiae cells used as the untreated control 
were pelleted and resuspended in growth media, which was also 
supplemented with EDTA. 
NP dissolution 
To define the amount of Cu2+ ions released from CuO NPs in the 
growth media, aliquots of each NP suspension in YP-galactose medium 
were collected immediately after dispersion in the media, after 1.5 h or 
24 h incubation at 30 °C with shaking (250 rpm) and ultracentrifuged 
(45 000 g for 30 min) to remove cells and suspended CuO NPs. 
Aliquots were stored at 4 °C (up to 1 wk) until Zincon analysis was 
performed. The Cu2+ ion concentration was measured using Zincon 
assay as described by Sabel et al.17 with the following modifications: 
Measurement of Cu2+ within the supernatant was performed on a 
Spectra Max M2e spectrophotometer (Molecular Devices) using Zincon 
reagent (MP Biochemicals). All samples were diluted in Tris–HCl buffer 
(20 μM, pH 7.2) containing Zincon (40 μM). A standard curve with Cu2+ 
(0–2.4 mg/L) was prepared from CuSO4 in the same buffer. Samples 
were incubated at room temperature for 10 min and absorbance was 
measured at 615 nm. The relationship between absorbance at 615 nm 
and the known concentration of Cu2+ standard served to determine 
Cu2+ ion concentration. To observe the influence of organic material 
and anions, identical experiments were performed in double distilled 
water. To remove the pH as a potential variable, distilled water was 
adjusted to pH 6.4, identical to the growth media. Prior to analysis the 
supernatants were examined for the presence of NPs using NTA; we 
concluded that NPs were not detectable. Nanoparticles with a diameter 
less than 10 nm were not detected due to the limit of detection by 
NTA, but they still may have been present. However, even if a small 
NP fraction of <10 nm is present, preliminary experiments indicate that 
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Zincon dye does not interact directly with CuO NPs (data not shown). 
All measurements were performed in triplicate. 
To define the amount of total Cu released from CuO NPs in the 
growth media, aliquots of previously ultracentrifuged supernatant was 
digested with equal volume 70% (w/v) HNO3 at 65 °C for 2 h and 
stored in acid-washed glass vials at 4 °C for no more than 1 wk. 
Samples were then further diluted to 2% HNO3 with ddH2O, containing 
0.5% HCL, prior to sample analysis using inductively coupled plasma 
mass spectrometry (7700 × ICP-MS with autosampler, Agilent 
Technologies). Inductively coupled plasma mass spectrometry detects 
total Cu regardless of Cu ion species, Cu in strong-association with 
organic material, or Cu in the form of nano-solids. 
Cell viability spot assay 
Overnight cultures of S. cerevisiae in YP-galactose media were 
diluted to OD600 0.1 and 150 μL of the cell suspensions were aliquoted 
to 0.6 mL 96-deep-well plate. Cell suspensions were mixed with 150 μL 
of CuO NPs and CuSO4 solutions in YP-galactose media. Plates were 
covered loosely with aluminum foil and incubated at 30 °C for 24  h 
with shaking at 250 rpm. Cells were then serially diluted in PBS buffer 
(pH 7.2) and 2 μL of the cell solutions were spotted onto YP-galactose 
agar plates in triplicate. The formation of colonies was examined 
visually after 72 h of incubation at 30 °C and was compared with 
colony formation of untreated cells. 
Metabolic activity assay 
The inhibitory effects of CuO NPs were determined by 
quantifying cellular metabolic activity using alamarBlue (aB, 
Invitrogen), a cell-permeable redox-sensitive dye that turns from a 
nonfluorescent blue color to a highly fluorescent pink color on 
reduction by metabolically active cells. Fluorescence detection of the 
reduced aB signal was performed in a Spectra Max M2e 
spectrophotometer (Molecular Devices). 
Metabolic activity assay was performed according to the 
following protocol: Cu treatments were generated by adding CuSO4, 
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released Cu2+ fraction from NPs, or dispersed CuO NPs into YP-
galactose media to achieve 300 µL volume at the desired 
concentration. Freshly inoculated cultures of S. cerevisiae in YP-
galactose media were incubated at 30 °C for 3 h to 4 h until OD600 0.3 
was reached, centrifuged at 4000 rpm for 2 min, the supernatant was 
removed, and the cell pellets were then resuspended with YP-galactose 
media containing different Cu compound. Each experimental treatment 
was amended with 10% (v/v) alamarBlue dye to achieve a final 
volume of 330 μL, which was then aliquoted to 3 separate wells to a 
final volume of 100 μL per well in a 96-well plate (Costar polystyrene 
flat bottom, nontreated, black sided, clear bottom). Cell-free YP-
galactose media was added to cell-free control wells for background 
subtraction. Plates were covered with aluminum foil to prevent light 
exposure and incubated at 30 °C, with shaking at 250 rpm for 1.5 h. 
Fluorescence was recorded at 550 nm/585 nm excitation/emission with 
a 570 nm cutoff every 5 min for 1.5 h. Cellular metabolic rate was 
determined by employing SpectraMax software to calculate the rate of 
fluorescence at the linear portion of each curve. Each respective 
treatment was performed in triplicate wells, and the results were 
averaged per well. Data were the mean of 3 independent experiments 
plus or minus the standard deviation. 
Preparing released fraction exposure scenario 
When CuSO4 was used to mimic the released Cu2+ from CuO 
NPs, less metabolic inhibition was observed compared with exposure 
with the actual released fraction from NPs (Supplemental Data, Figure 
S1). This observation of soluble Cu salt treatments not being an 
adequate mimic of NP-released Cu ion treatment has also been 
reported in other studies.16 Only after incubating CuSO4 in YP-
galactose (to simulate the Cu ions released from CuO NPs) was the 
metabolic inhibition more similar to the metabolic inhibition observed 
with released Cu treatments (Supplemental Data, Figure S2). Instead 
of aged CuSO4, the released Cu ion-containing supernatant from the 
CuO NPs was used in the subsequent experiments to represent the 
nature of the soluble Cu within the YP-galactose media more 
effectively. To characterize the released Cu from CuO in the growth 
media, total Cu was measured with ICP-MS. In the “released Cu only” 
exposure scenario Cu2+ is a dominant fraction because the 
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concentration of total Cu, as measured with ICP-MS, was not 
significantly different than Cu2+ ions concentrations, as measured with 
zincon assay (Supplemental Data, Figure S3). 
Statistical analysis 
For all data, significant differences between samples were 
determined using pair-wise comparisons performed by t-test (after 
confirming normal distribution), and p values of less than 0.05 were 
considered significant. The chemical concentration necessary to reduce 
cell metabolic activity by 50% (IC50) was determined by comparing 
treated values to the untreated using the log-normal model in the 
Excel macro REGTOX.18  
RESULTS 
CuO NP characterization 
Copper oxide NPs from 2 different commercial sources were 
characterized for primary NP diameter and morphology by TEM (Figure 
1 E–H). The Meliorum CuO NPs have an average primary particle 
diameter of 28.4 nm, referred to as 28 nm CuO NPs in the present 
study, whereas the Sigma CuO NPs had an average primary particle 
diameter of 64.2 nm, herein referred to as 64 nm CuO NPs (Figures 1G 
and 1H). The 28 nm CuO NPs displayed a rough surface, spherical 
shape, and a uniform size distribution (large black arrows, Figures 1E 
and 1F). Transmission electron microscopy imaging of the 64 nm CuO 
NPs showed different morphologies with both small spherical particles 
and large irregular crystals being observed in the same sample (Figure 
1G). The 28 nm and 64 nm CuO NPs exhibited a purity of > 99.8% as 
reported by the manufacturers and determined by ICP-MS analysis 
(data not shown). High-resolution TEM (Figure 1F) images displayed a 
distance of 2.4 Å between parallel lattice fringes (parallel to solid black 
lines with small arrows) in the 28 nm CuO NPs, consistent with the 
spacing of the (2 0 0) crystal planes of CuO. The high-resolution TEM 
images of 64 nm CuO NPs had parallel lattice fringe spacing of 5.1 Ǻ 
(Figure 1H) consistent with the interlayer separation of the (1 0 0) 
crystal plane of CuO. 
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Hydrodynamic diameter and zeta potential were measured to 
determine the propensity of the 28 nm and 64 nm CuO NP to form 
aggregates or agglomerates (Figure 1 and Supplemental Data, Table 
S1). Both CuO NPs form similarly sized aggregates when suspended in 
double distilled water (ddH2O, Figures 1A and 1B) and similarly sized 
agglomerates when suspended in YP-galactose growth medium (Figure 
1C and 1D). The CuO NPs suspended in water had a significantly 
smaller hydrodynamic diameter compared with NPs suspended in 
growth media at pH 6.4 (p < 0.05). Although the pH was the same, the 
ionic strength was significantly higher within YP media compared to 
water (data not shown). Both increased ionic strength and organic 
matter have been implicated in increased NP dissolution,13,19 which 
may partially explain the increased dissolution observed in YP media 
compared to water. The 28 nm CuO NPs had an average hydrodynamic 
diameter of 94 nm when suspended in water and 214.1 nm in YP-
galactose medium and in both cases these diameters were smaller 
than the 64 nm CuO NPs (146.3 nm in water and 246.9 nm in YP-
galactose, Figure 1 and Supplemental Data, Table S1). All particles 
had low zeta potential values (–5.6 to –14.5 mV, Supplemental Data, 
Table S1) indicating substantial instability and a high potential to form 
agglomerates in the growth media. Suspensions from both NPs did not 
alter the pH of the YP-galactose culture medium up to 24 h of 
incubation (data not shown). 
CuO NP dissolution 
For nanomaterials, metal ion release is a critical physical 
parameter; as such, NP dissolution has been suggested to be just as 
important as surface-dependent effects regarding potential toxicity of 
nanomaterials.20 In the present study, the culture media, YP-
galactose, led to enhanced CuO NP dissolution compared with water, 
whereas the smaller 28 nm CuO NPs exhibited greater dissolution than 
the 64 nm CuO NPs. We observed that distilled water (pH 6.4) had no 
effect on NP dissolution for most of the exposure doses employed 
(Table 1) except under prolonged incubation (25.5 h) with higher initial 
mass of 64 nm particles. The 28 nm freshly resuspended CuO NPs 
showed higher release of Cu2+ in the YP-galactose medium compared 
with the Cu2+ released from the same initial mass of freshly 
resuspended 64 nm CuO NPs (Table 1). The 28 nm CuO NPs suspended 
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in YP-galactose medium displayed up to 21.8% reduction of the initial 
particle mass, whereas the 64 nm CuO NPs displayed significantly less 
particle mass loss (2%, p <  0.01). The increased CuO NPs dissolution 
in YP-galactose is in agreement with previous reports indicating 
enhanced CuO NPs dissolution in culture media containing amino acid-
rich components, such as tryptone and yeast extract, compared with 
dissolution in water.16,21  
To observe the effects of prolonged media interactions with CuO 
NPs on dissolution, the 28 nm and 64 nm CuO NPs were suspended in 
YP-galactose medium for 24 h at 30 °C followed by separation of the 
remaining CuO solids (“aged” NPs) from the media (“released” Cu2+). 
Aged 28 nm CuO NPs were pelleted and resuspended in fresh YP-
galactose media, which resulted in significantly greater (p < 0.05) Cu2+ 
release compared with fresh suspensions of CuO NPs (Table 1). The 
opposite trend was observed for aged 64 nm CuO NPs in fresh media, 
which released less Cu2+ into YP-galactose compared to fresh 
suspensions of 64 nm CuO NPs (at 80 mg/L and 240 mg/L, Table 1). 
Both CuO NPs used in the present study have different primary 
NP diameters and different crystal structures (determined by high 
resolution TEM, Figure 1), similar hydrodynamic diameter (NTA, Figure 
1), and released significantly different amounts of Cu2+ into the growth 
media from the same initial NP mass (Table 1). 
CuO NPs inhibit S. cerevisiae metabolism 
The potential cytotoxicity of 2 different commercially available 
CuO NPs to S. cerevisiae was evaluated using a cell viability spot assay 
and cellular metabolic activity was assayed by alamarBlue (aB) 
fluorescence. After 1.5 h and 24 h of exposure, no significant effects on 
cell viability were observed for the 28 nm and 64 nm CuO NPs up to 
the highest dose tested (480 mg/L; Supplemental Data, Figure S4). 
Susceptibility to CuO NPs or CuSO4 exposures was greater in cell 
cultures undergoing respiratory compared to fermentative metabolism 
(Table 2). The 1.5 h IC50 values for inhibition of metabolic rate of S. 
cerevisiae W303-1A exposed to 28 nm and 64 nm CuO NPs (fresh 
suspensions) in the present study were 306 ± 67 mg/L and 
467 ± 7 mg/L, respectively, when cultured on YP-dextrose, a 
fermentative carbon source. These values are consistent with the 
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range of the previously reported 24 h growth inhibition test IC50 for S. 
cerevisiae BY4741 of 643 ± 52 mg/L CuO NPs in YP-dextrose medium.6 
Saccharomyces cerevisiae cells cultured with respiratory carbon 
sources, including YP-ethanol, were more sensitive to exposures than 
cells in fermentative conditions (p < 0.05, Table 2). The metabolic rate 
IC50 for cells on respiratory carbon sources (ethanol and glycerol) are 
2 to 5 times lower (p < 0.01) compared with exposure to cells cultured 
on YP-dextrose (fermentative metabolism, Table 2). The IC50 for 
CuSO4 exposure was more than 20 times lower compared to the IC50 
for both CuO NPs in the present study (Table 2). Cells cultured on YP-
galactose (fermentative/respiratory carbon source) showed similar or 
slightly higher sensitivity to CuO NPs and Cu2+ exposures compared 
with YP-ethanol grown cells. In the following experiments YP-galactose 
was employed because of the higher S. cerevisiae W303-1A biomass 
yield on galactose compared to yield with YP-ethanol (data not 
shown). 
The metabolic state of S. cerevisiae had an impact on the degree of 
inhibition of metabolic activity by Cu treatments. Regardless of the 
state of metabolism, Cu2+ (tested as CuSO4) had greater inhibitory 
effect than 28 nm CuO NPs followed by the 64 nm CuO NPs. 
CuO NP aging on yeast metabolism 
To unravel the toxic effect of released Cu2+ from that of the CuO 
NPs, S. cerevisiae cells were exposed for 1.5 h to several Cu exposure 
scenarios: fresh suspensions of NPs in YP-galactose media, aged NPs 
resuspended in fresh media, aged NPs within YP-galactose containing 
the released fraction, or the released fraction in YP-galactose without 
NPs (Figure 2). Among all exposure conditions, 28 nm CuO NPs 
inhibited S. cerevisiae metabolism to a greater extent than 64 nm CuO 
NPs exposures (Figure 2). The increased inhibitory effect of the 28 nm 
compared with the 64 nm CuO NPs is consistent with previous studies 
that frequently show greater toxicity from NPs with smaller primary 
particle diameter.22,23  
The aged 28 nm and 64 nm CuO NPs within released fraction 
and the released fraction in the absence of CuO NPs were significantly 
(p < 0.05) more inhibitory of S. cerevisiae metabolic activity compared 
with exposure to the fresh suspensions of aged CuO NPs in YP-
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galactose media (excluding 64 nm CuO NPs at 40 mg/L, Figure 2). The 
higher inhibitions of metabolic activity of S. cerevisiae were observed 
in exposure conditions with greater amounts of Cu2+. These results 
suggest that the presence of greater amounts of released Cu ions, 
including the measured Cu2+ form, had increased toxic effect on S. 
cerevisiae in the presence or absence of CuO NPs compared with 
freshly resuspended CuO NPs, containing lower amounts of Cu2+ 
(Figure 2). 
The aged 64 nm CuO NPs after resuspension in fresh YP-
galactose showed significantly greater metabolic inhibition (p < 0.01) 
at initial mass of 80 mg/L compared with 40 mg/L in the presence of 
similar concentrations of released Cu2+ (Table 1 and Figure 2). The 
observed dose-dependent effect of aged CuO NPs at similar 
concentrations of released Cu2+ indicates the decrease in metabolic 
activity observed in aged 64 nm CuO NPs treatment is due to the NP 
component. 
The difference in metabolic rate inhibition from freshly 
resuspended and aged NPs, and the presence of the released Cu2+ 
fractions suggest that both the released Cu ions as well as the CuO NP 
component have a role in the observed impact on S. cerevisiae 
metabolism. 
Effect of chelating Cu ions in NP exposure scenarios 
Chelation of Cu2+ ions by EDTA addition significantly decreased 
the metabolic inhibition by aged 28 nm CuO NPs within the released Cu 
fraction (p < 0.05) and the released Cu fraction in the absence of 
28 nm or 64 nm CuO NPs (p < 0.05, p < 0.01, respectively; Figure 3). 
There was no significant difference of metabolic activity of S. 
cerevisiae in the presence of EDTA of freshly resuspended and aged 
28 nm and 64 nm CuO NPs in fresh YP-galactose media nor the aged 
64 nm CuO NPs within media containing the released Cu fraction. The 
observation that under low concentrations of Cu2+ present in the NPs 
exposure scenarios, the addition of EDTA caused no significant change 
in metabolic activity may suggest that the toxicity observed was due 
to the NP component. 
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Chelation of Cu ions with EDTA often resulted in a decrease in 
inhibition (10–30% decrease of metabolic inhibition with 28 nm and 
64 nm CuO NPs exposure scenarios containing the released fraction), 
although not a complete recovery of cellular metabolic activity. This 
may be explained by the possibility that the chelation of Cu2+ ions may 
not affect the bioavailability of Cu2+ ions to S. cerevisiae cells. A study 
performed by Mei Li et al. in 2013 with ZnO NPs and Zn2+ ions 
suggests that a decrease in free metal ions does not necessarily result 
in a subsequent decrease in the bioavailable ions that can interact with 
cells.24  
The chelation of Cu2+ did result in a dramatic reduction in 
toxicity of several CuO NP exposure scenarios, though not a complete 
recovery, suggesting that both the released Cu ions as well as the CuO 
NP component have a role in the observed inhibition of cellular 
metabolic activity. 
Discussion 
The physiochemical properties of nanomaterials, such as 
aggregation, zeta-potential, crystal structure, roughness, primary 
particle size, agglomeration, and dissolution have been shown to be a 
factor in relation to their potential cytotoxicity.13,19,20 We examined the 
impact of CuO NPs with measured differences in primary particle size, 
crystal structure, and rate of dissolution in the growth media on S. 
cerevisiae cellular metabolic rate. 
The commercially available 28 nm and 64 nm CuO NPs used in 
the present study were characterized using TEM, Zetasizer, and NTA. 
Transmission electron microscopy has the advantage of providing a 
direct image of particle size and morphology at high resolution (Figure 
1). The 28 nm CuO NPs appeared as spherical with an average primary 
particle diameter of 28.4 nm with a range from 17.3 nm to 39.5 nm 
and the 64 nm CuO NPs had irregular shapes with a small population of 
NPs showing spherical shapes with an average particle diameter of 
64.2 nm within a range of 11.7 nm to 120.7 nm. Catalytic properties, 
specifically structure-sensitive reactions usually involving oxygen–
oxygen bonds, are dependent on particle size.25,26 The CuO NPs used 
in the present study also demonstrated similar rough surfaces, which 
have been associated with differences in the amount and identity of 
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proteins absorbed on the NP surface.27 The 28 nm and 64 nm CuO NPs 
showed different orientations of crystal planes on the surface of the 
NPs, which may have implications in the available catalytic sites, as 
implicated with TiO2 NPs.28,29 Both CuO NPs used in the present study 
had similar low zeta-potentials (Supplemental Data, Table S1), 
indicating the CuO NPs had equal potential to form aggregates and 
agglomerates in the growth media.30  
In complement to the TEM, NTA was used to measure particle 
size in solution in real time with the advantage of needing little to no 
sample preparation (Figure 1). The NTA software permits the 
measurement of single NPs, aggregates, or agglomerates in solution 
greater than 10 nm in size.31 Aggregation of CuO NPs, as determined in 
water after sonication, showed greater hydrodynamic diameter in both 
CuO NPs compared with the primary particle size. Aggregation of 
uncoated and unmodified oxide NPs is considered to be an intrinsic 
property.32,33 The lack of dispersal of the CuO NPs by sonication 
suggests either fusion or strong bonding of the primary particles or 
reformation of aggregates after dispersal.32 Agglomerations consist of 
interactions between NPs, aggregates of NPs, and media components 
generating formation of clumps or clusters of primary particles and 
organic molecules. The CuO NPs within the growth media used in the 
present study displayed hydrodynamic diameters greater than in water 
and greater than the primary particle diameter, indicating formation of 
agglomerates. The aggregation and agglomeration observed in the 
present study has been reported elsewhere for CuO in water,6,19 yeast 
growth media,6 in the presence of small amounts of organic material,26 
and several different natural waters.19 Aggregation and agglomeration 
are important attributes to measure as they decrease the available NP 
surface area that facilitates interaction with living cells and media 
components. 
The effect of particle size on dissolution was investigated by 
comparing Cu2+ ions released from 28 nm and 64 nm CuO NPs within 
double distilled water and the complex biological media used in the 
present study (Table 1). The dissolution of the CuO NPs showed that 
only a small fraction (3.6%) of the CuO NPs dissolute within the 1.5 h 
after addition to the growth media. After 24 h within the media, the 
dissolute concentration of the CuO NPs increased to as much as 
52.7%. The observed dissolution of Cu from CuO NPs was consistent 
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with results reported elsewhere for growth media rich in organic 
material34,35 The 28 nm CuO NPs showed greater dissolution than 
64 nm CuO NPs. Differences in the amount of Cu ions released from 
different sized CuO NPs have been described elsewhere.16 The 
Ostwald-Freundlich equation predicts that as particle size decreases 
the equilibrium solubility of particles increases, therefore, smaller NPs 
would have a greater propensity for dissolution.36 Factors such as 
surface curvature and roughness, in addition to size which effects 
surface area, may also play a role in dissolution of NPs.36 The size 
dependent dissolution observed in the present study may be related to 
the greater surface area with, and particle number of, the 28 nm CuO 
NP compared with 64 nm CuO NP at equal mass.37 The difference in 
exposed crystal structures of 28 nm and 64 nm CuO NPs on the surface 
may also be leading to different surface chemistries with more reaction 
sites and thus result in different amounts of Cu2+ ion release.29  
The IC50 for the acute inhibitory effect of CuO NPs and CuSO4 
to S. cerevisiae metabolic activity were compared (Table 2). The 
exposure to increasing concentrations of CuO NPs and Cu salt led to 
decrease in metabolic activity (Supplemental Data, Table S2). When 
exposure occurred in YP-galactose, Cu salt had significantly greater 
effect on metabolic activity (IC50: 0.96 mg Cu/L) compared with the 
28 nm CuO NPs (IC50: 70.3 mg Cu/L) which were subsequently more 
toxic than 64 nm CuO NPs (IC50: 172.6 mg Cu/L). Saccharomyces 
cerevisiae under respiratory conditions were more sensitive to CuO 
NPs exposures compared with fermentative conditions which may 
implicate respiratory metabolism or the mitochondria in facilitating 
CuO NP toxicity, as suggested with gold NPs,38 however we have no 
direct evidence if this is the case. The lower toxic effect of CuO NPs 
compared with Cu salts has been shown in the gram-negative bacteria 
Escherichia coli4 and Vibrio fischeri,39 the protozoa Tetrahymena 
thermophile,7 and the freshwater crustacean Thamnocephalus 
platyurus.39 In the present study, S. cerevisiae demonstrated greater 
resistance to the toxicity of the CuO NPs compared with the reported 
EC50 of the microalgae Pseudokirchneriella subcapitata (0.57 mg 
Cu/L,3) and the crustacean T. platyurus (1.7 mg Cu/L,39). However, the 
range of concentrations used is similar to other studies as indicated by 
similar EC50s found in the protozoa T. thermophila (127 mg Cu/L,7), 
the bacterium Bacillus subtillis (48.8 mg Cu/L 34), and Streptococcus 
aureus (52.5 mg Cu/L3). The observed size dependent metabolic 
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inhibition of smaller primary particle size yielding greater toxicity is 
consistent among metal oxide NPs.16,22 The inhibitory effect due to 
differences in primary particle size is confounded by the release of 
Cu2+ ions through dissolution, which is greater in the 28 nm CuO NPs 
compared with the 64 nm CuO NPs, which may explain the increase in 
impact on cellular metabolic activity. 
To unravel the inhibitory effect of the released soluble Cu and 
that of the structural NP component, the 28 nm and 64 nm CuO NPs 
were resuspended in the growth media for 24 h prior to separating the 
remaining NPs and the released Cu ions in solution. Saccharomyces 
cerevisiae was then exposed to freshly resuspended CuO NPs, the 
aged CuO NPs within the growth media containing the released Cu2+, 
the aged CuO NPs separated from the released Cu2+, and the growth 
media containing the released Cu ions in the absence of NPs. The 
64 nm CuO NPs freshly resuspended in growth media, independent of 
aging, showed increased cellular metabolic inhibition with increased 
NPs mass between 40 mg/L and 80 mg/L despite similar release of 
Cu2+ (Figure 2) indicating that the increased effect on metabolic 
activity was due to the presence of more NPs. Although 28 nm CuO 
NPs showed a similar increase in measured inhibitory effect with 
greater concentration of NPs at similar concentrations of Cu2+ released 
in the fresh media, the increase was not statistically significant. The 
soluble Cu ions released from CuO NPs did not fully explain the 
observed toxicity to S. cerevisiae, as also observed by Kasemets et al.5  
Metabolic activity inhibited by CuO NPs was recovered by 
chelation of Cu ions with EDTA (Figure 3). The recovered metabolic 
activity from chelation was more dominant in 64 nm CuO NP compared 
to 28 nm CuO NPs. However, the presence of EDTA did not remove the 
metabolic inhibition of the aged or freshly resuspended NPs in media 
with low amounts of soluble Cu. This indicated that the NPs were the 
cause of the observed effect at the lower dose of exposure. Combined, 
these results suggest that the observed CuO NPs inhibition of S. 
cerevisiae cell metabolic activity is related to both the NP as well as 
the dissolute Cu ions. Although the 28 nm CuO NPs showed greater 
inhibitory effect compared with 64 nm CuO NPs, this is most likely due 
to the greater surface area and the number of particles present at the 
same NP mass.37  
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The observed inhibition of cell metabolic activity rate but no 
impact on cell viability on exposure up to 480 mg/mL CuO NPs 
suggests that S. cerevisiae might use a mechanism such as cell cycle 
arrest, as found in human epithelial A549 cells,40 to escape cell death. 
Copper is a redox active chemical involved in reactions leading to 
oxidative stress in cells. At the same time, Cu is eliciting antioxidant 
activity by acting as a redox site in superoxide dismutase (SOD1) for 
dismutating superoxide radicals. Saccharomyces cerevisiae is a great 
model to study how CuO NPs and the released Cu2+ influence these 
processes and further experimental work needs to be pursued. The 
specific pathways involved in S. cerevisiae response to sublethal 
concentrations of CuO NPs will be further studied by whole genome 
analyses. 
Conclusion 
The present study shows that under the tested conditions, CuO 
NPs had lesser effect on S. cerevisiae metabolic activity compared with 
Cu salts. However, the observed inhibition from the NPs was not fully 
explained by the released Cu ions from the dissolving NPs. The 
presence of a NP size effect may be related to the different 
physicochemical characteristics rather than only size. The present 
study also demonstrated a greater CuO NP effect on the metabolic 
activity of S. cerevisiae grown under respiring conditions. Future work 
in yeast should focus on the possible different impacts on metabolic 
pathways involved in respiring and fermenting cells and determine 
differences in cell response related to the nanostructure compared with 
dissolved soluble metals. 
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Figure 1. The 2 types of copper oxide nanoparticles (CuO NPs) have similar 
agglomeration in culture medium but different primary particle diameter and 
crystalline structures. The hydrodynamic size distribution was performed in ddH2O (A, 
B) and YP-galactose (C, D) using nanoparticle tracking analysis (NTA). The 28 nm CuO 
NPs (A, C) tend to have smaller hydrodynamic diameters compared to 64 nm CuO NPs 
(B, D). All of the particles agglomerated in YP-galactose medium as seen by the size 
and position of the density distribution peaks in (C) and (D) compared to (A) and (B). 
Transmission electron microscopy (TEM) images of the CuO NPs indicate rough 
surfaces (indicated by large arrows) and show the primary diameter of the particles is 
different from that suggested by the manufacturers (E–H). High-resolution TEM 
images for 28 nm (F) and 64 nm (H) CuO NPs suggest different crystalline structures 
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for the 2 NPs. The different lattice fringe width is highlighted for easier observation by 
parallel lines with small arrows. 
 
Table 1. Cu2+ released from copper oxide nanoparticles in growth media 
  Conc. (mg/L) 1.5 ha 5.5 h 25.5 h 
 
28 nm copper oxide nanoparticles 
YP-galactose 40 0.95 ± 0.11 2.54 ± 0.15 8.67 ± 1.40 
  80 0.93 ± 0.51 5.35 ± 0.53 22.35 ± 1.7 
  240 6.98 ± 1.0 10.62 ± 0.22 101.1 ± 15.0 
ddH2O 40 BDL BDL BDL 
  80 BDL BDL BDL 
  240 BDL BDL BDL 
64 nm copper oxide nanoparticles 
YP-galactose 40 0.34 ± 0.08 0.59 ± 0.07 0.79 ± 0.07 
  80 0.71 ± 0.08 0.83 ± 0.02 1.36 ± 0.03 
  240 1.96 ± 0.06 2.56 ± 0.13 3.66 ± 0.4 
ddH2O 40 BDL BDL BDL 
  80 BDL BDL 0.17 ± 0.02 
  240 BDL BDL 0.32 ± 0.04 
 
Data are mean of 3 replicates of 2 independent experiments ± range of values. 
BDL = Below detection limit of Zincon assay (0.24 mg/L). 
a Period of time nanoparticles were incubated in media or water. 
 
Table 2. Saccharomyces cerevisiae cell metabolic rate IC50 values of 1.5 h 
copper exposure in YP media with selected carbon sources 
 
  
28 nm copper oxide 
nanoparticles 
64 nm copper oxide 
nanoparticles 
CuSO4 
1. IC50 = The concentration of the copper compound that reduced cell metabolic 
activity by 50%. 
YP-
Dextrose 
305 ± 67.2 468 ± 27.2 10.3 ± 2.0 
YP-
Glycerol 
224 ± 30.4 304 ± 38.4 5.3 ± 2.3 
YP-EtOH 96 ± 23.0 224 ± 52.0 2.7 ± 0.1 
YP-
Galactose 
88 ± 15.2 216 ± 17.6 2.4 ± 0.5 
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Figure 2. Nanoparticle (NP) exposure scenarios with high concentrations of released 
Cu2+ inhibit Saccharomyces cerevisiae W303-1A metabolism to a greater extent 
compared to fresh NP suspensions. Inhibition of cellular metabolic activity rate after 
1.5 h exposure to 28 nm (A, C, E) or 64 nm copper oxide (CuO) NPs (B, D, F). Copper 
oxide NPs effect was assessed using aB assay at 40 mg/L (A, B), 80 mg/L (C, D) and 
240 mg/L (E, F). The bar graph represents results expressed as percentage of 
metabolic activity compared to untreated cells. The line graph represents Cu2+ ions 
released into YP-galactose medium from each respective treatment. Results are 
presented as mean ± standard deviation of 3 independent experiments. Significant 
results as compared to the other treatments (bar graph, p < 0.05) are marked with 
letters, values with the same letter indicate they are not significantly different from 
one another. Error bars represent standard deviation. 
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Figure 3. Copper ion chelation impacts copper oxide nanoparticle (CuO NP) inhibition 
on Saccharomyces cerevisiae W303-1A metabolic activity rate. Nanoparticles effect on 
S. cerevisiae metabolism after 1.5 h exposure at 40 mg/L of 28 nm (A) or 64 nm (B) 
CuO NPs was assessed using aB assay. Black bars represent treatment without 
chelation (–) and grey bars represent treatment with the addition of 
ethylenediaminetetraacetic acid (EDTA) at 0.5 mM (+). Data are expressed as 
percentage of metabolic activity compared to untreated cells. Error bars represent 
standard deviation of 3 independent experiments. Significant differences between 
treatments without chelation (–) compared to treatment with EDTA (+) are indicated 
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Figure S1. Comparison of IC50 values of metabolic activity rate for tested 28 nm and 





Figure S2.  Copper sulfate more closely mimics the inhibitory effect of nanoparticle 
released fraction when allowed to interact with the yeast growth media.  8 nm CuO NPs 
and CuSO4 were added to sterile YP-Gal media for 24h and then diluted to 0.2-3.2 mg/L 
Cu2+ and inhibition of metabolic activity was assayed after 1.5h exposure.  Significant 
difference (p<0.05) is indicated by asterisks.   
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Figure S3.  Characterization of the released fraction from CuO nanoparticle incubation 
in growth media. CuO nanoparticle released fraction contains predominantly a 
population of Cu2+ ions.  8nm CuO nanoparticles were aged for 24h in sterile YP 
growth media, nanoparticles were removed from solution by ultracentrifugation, and 
supernatant was then assayed for total copper (solid bars) or Cu2+ ions (stripped 
bars).  There was no statistically significant difference between the total Cu and Cu2+ 
concentrations for 40, 80, and 240 mg/L treatments (p-value 0.053, 0.061, and 
0.098, respectively). 
 
Figure S4.  Neither copper oxide nanoparticles nor copper sulfate have an effect on S. 
cerevisiae cell viability at the selected doses of exposure. Images are representative of 
spot assays performed on agar plates with all carbon sources (dextrose, glycerol, and 
galactose) and at different time of exposure (1.5h, 24h, and 48h).  Cell suspensions 
were serially diluted and incubated on agar plates for 72h at 30oC. 
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Table S1.  Characterization of copper oxide nanoparticles and their properties 
when suspended in media or water 
Average hydrodynamic diameter (nm) 
8nm copper oxide nanoparticles 
Experimental media 1.5ha 5.5h 25.5h 
YP-Galactose 214 ± 112 184 ± 116 222 ± 141 
YP-EtOH 200 ± 162 225 ± 117 236 ± 129 
ddH2O   87 ± 7 191 ± 175 113 ± 82 
50nm copper oxide nanoparticles 
YP-Galactose 240 ± 172 124 ± 48 211 ± 155 
YP-EtOH 346 ± 177 232 ± 182 175 ± 104 
ddH2O 144 ± 149 140 ± 90 160 ±  94 
Zeta-potential (mV) 
8nm copper oxide nanoparticles  
Experimental media 1.5h 5.5h 25.5h 
YP-Galactose -14.5 ± 0.5 -10.5 ± 0.2   -7.8 ± 0.3 
YP-EtOH -14.5 ± 0.5 -10.4 ± 0.6   -9.2 ± 0.1 
ddH2O -13.9 ± 0.7 -15.2 ± 7.2 -21.2 ± 5.9 
50nm copper oxide nanoparticles 
YP-Galactose -12.8 ± 0.3   -5.6 ± 0.7 -8.6 ± 0.4 
YP-EtOH -12.8 ± 0.3   -9.7 ± 0.3 -8.9 ± 0.8 
ddH2O -12.7 ± 0.4 -16.6 ± 6.4  -11 ± 11.1 
Data are mean of 3 replicates of 2 independent experiments ± range of values. 
a Period of time nanoparticles were incubated in media or water. 
 
Table S2.  Percent metabolic rate of S. cerevisiae cells after copper exposure 
 8nm copper oxide nanoparticle exposure scenarios 
 
Concn. (mg/L) 
Fresh NPs in 
Fresh Media  
Aged NPs in 
Fresh Media 





Without 40 68.1+/-9.2 66.0+/-3.8 16.7+/-2.9 19.2+/-0.5 
EDTA 80 57.6+/-3.2 49.5+/-5.2 13.2+/-2.1 13.8+/-2.6 
 240 9.9+/-5.1 9.3+/-0.6 14.3+/-0.5 13.2+/-1.2 
With 40 55.2+/-3.5 79.7+/-7.7 36.4+/-1.5 32.4+/-5.4 
EDTAa 80 36.0+/-1.1 66.2+/-6.6 13.1+/-1.2 13.9+/-1.3 
 240 5.8+/-0.3 20.3+/-9.3 10.2+/-4.9 14.8+/-3.4 
  
50nm copper oxide nanoparticle exposure scenarios 
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Results are expressed as percent metabolic activity of S. cerevisiae compared to 
untreated cells. Data are mean of 3 replicates of 2 independent experiments ± range of 
values.  
a 0.5 mM EDTA added 1h prior to addition of cells 





Fresh Media  
Aged NPs 
Fresh Media 





Without 40 85.8+/-5.6 89.2+/-2.0 70.0+/-13.0 56.3+/-2.1 
EDTA 80 71.7+/-6.3 54.9+/-4.1 66.5+/-0.6 52.1+/-6.8 
 240 46.8+/-1.8 49.3+/-6.9 31.7+/-7.8 23.5+/-0.4 
With 40 97.2+/-2.6 93.7+/-2.2 101.1+/-12 86.5+/-2.1 
EDTA 80 82.3+/-2.9 80.3+/-2.6 79.6+/-2.5 84.9+/-2.5 
 240 60.7+/-5.7 60.8+/-0.3 57.9+/-3.6 61.3+/-2.3 
